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ABSTRACT

The oxidation of refractory borides, graphites and JT composites,
hypereutectic carbide- graphite composites, refractory metals, coated
refractory metals, metal oxide composites and iridium coated graphites
in air was studied under conditions encountered during high velocity atmos-
pheric flight and in conventional furnace tests. Elucidation of the relation-
Hhip between hot gas/cold wall (HG/CW) and cold gas/hot wall (CG/HW) sur-
face effects in terms of heat and mass truasfer rates at high temperatures
was a principal goal. This report deals with facilities and techniques em-
ployed for performing HG/CW tests in the Model 500, ROVERS and Ten
Megawatt Arc installations at Avco and the Wave Superheater ast Cornell.
Stagnation pressures between 0. 002 and 4.0 atm, stagnation enthalpy between
7000 and 16, 000 BTU/lb, coldwall heat flux between 100 and 1500 BTU/ft-sec
and exposure times between 20 and 23,000 seconds were employed. Diagnos-
tic measurements included continuous recording of surface temperature and
radiated heat flux. Color motion picture coverage was also provided. Al-
though most of the testing was performed on flat faced right circular cylinders
some hemispherical capped samples and some pipes were also tested.

Heat flux measurements were made in the Model 500 and ROVERS.
facilities of the variation of heat flux with radial distance across the model.
Model size was varied to ascertain the effect of size on the heat flux. Stream
diameter was 0.60 inches and 2.25-3. 00 inches in the Model 500 and ROVERS
facilities, respectively. Calorimeters with diameters of 0. 125 to 0. 750
inches were employed with 0. 500 and 1. 500 inch diameter shrouds. The
Model 500 results were described by a +10% band independent of diameter.
The heat flux showed a peak near a diarmeter of 0. 375 inches.

The heat flux was independent of calorimeter radius in the ROVERS
facility. The heat flux observed with a 0.500 inch diameter shroud was
larger than observed with a 1.500 inch shroud. However, while the expected
ratio is 43 or 1.73, the observed ratio was about 1.20. The values obtained
for the 0. 500 inch diameter shrouded calorimeter were about 10% higher than
the values predicted on the basis of a Fay-Riddell calculation, while the 1. 500
inch shrouded calorimeter results were 50%0 higher than that calculated.

In-depth temperature measurements were performed in the Model 500
and ROVERS facilites. A micro-optical pyrometer was employed to measure
the temperature at the base of a cavity drilled from the rear of the model to
within 0. 100 inch of the heated face. For oxide forming materials like ZrB7
and Hf-Ta-Mo, the temperature at the in-depth station was found to range from
50004o 1900 R lower than the surface temperature.

Sixteen refractory material models were exposed to the high velocity
flow of air in the Mach 6 Wave Superheater Hypersonic Tunnel. Data were
taken in two 15 second tests of eight models, each at a velocity of 104 ft/sec,
a stagnation pressure (at the model nose) of one atmosphere and a tunnel flow
rate of 2. 5 lb/sec. The stagnation enthalpy was ZZOO 1BTU/lb while the cold
wail heat flux was 600 BTU/ft'sec.

This abstract is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made
only with prior approval of the Air Force Materials Laboratory
(MAMC), Wright-Patterson Air Force Base, Ohio 45433.
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I. INTRODUCTION AND SUMMARY

A. Introduction

The response of refractory materials to high temperature
oxidizing conditions imposed by furnace heating hat been observed to differ
markedly from the behavior in arc plasma "reentry simulators."

The former evaluations are normally performed for long times
at fixed temperatures and slow gas flows with weli-defined solid/gas-
reactant/product chemistry. The latter on the other hand are usually
carried out under high velocity gas flow conditions in which the energy flux.
rather than the temperature is defined and significant shear forces can be ,

encountered. Consequently, the differences in philosophy, observablist
and techniques used in the "material centered" regime and the "environment
centered, reentry simulation" area differ so significantly as to render
correlation of material responses at high and low opeeds difficult if not
impossible in many cases. Under these circumstances, expeditious utilization
of the vast background of information available in either area for optimum
matching of existing material systems with specific missions or prediction
and synthesis of advanced material systems to meet requirements of pro-
jected missions is sharply curtailed.

In order to progress toward the elimination of this gap, an
integrated study of the response of refractory materials to oxidation in air
over a wide range of time, gas velocity, temperature and pressure has been
designed and implemented. This interdisciplinary study spans the heat flux
and boundary layer-shear spectrum of conditions encountered during high-
velocity atmospheric flight as well as conditions normally employed in
conventional materials centered investigations. In this context, significant
efforts have been directed toward elucidating the relationship between hot
gas/cold wall (HG/CW) and cold gas/hot wall (CG/HW) surface effects in
terms of heat and mass .tranufer rates at high temperatures, so that full
utilization of both types of experimental data can be made.

the principal goal of this study was the coupling of the material-
centered and environment-centered philosophies in order to gain a better
insight into systems behavior under high-speed atmospheric flight conditions.
This coupling lunction has been provided by an interdisciplinary panel
composed of scientists representing the component philosophies. The
coupling framework consists of an intimate mixture of theoretical and ex-
perimental studies specifically designed to overlap temperature/energy
and pressure/velocity conditions. This overlap has provided a means for
the evaluation of test techniques and the performance of specific materials
systems under a wide range of flight conditions. In addition, it provides
a base for developing an integrated theory or modus operandi capable of
translating reentry systems requirements such as velocity, altitude,



tonfiguration and sie.ime into requisite materials properties as vapori-
zation rates, oxidation kinetics, density, etc., over a wide range of con-
ditions.

The correlation of heat flux, stagnation enthalpy, Mach No.,
stagnation pressure and specimen geometry with surface temperature
through the utilization of thermodynamic, thermal and radiational
properties of the material and environmental systems used in this study
was of prime importance in defining the conditions for overlap between
materials-centered and environment-centered tests.

Significant practical as well as fundamental progress along
the above mentioned lines necessitated evaluation of refractory material
systems which exhibit varying gradations of stability above Z700 F. Em-
phasis was placed on candidates for 3400o to 6000°F exploitation. Thus,
borides, carbides, boride-graphite composite (JTA), JT composites,
carbide-graphite composites, pyrolytic and bulk graphite, PT graphite,
coated refractory metals/alloys, oxide-metal composites, oxidation re-
sistant refractory metal alloys and iridium-coated graphites were con-
sidered. Similarly, a range of test facilities and techniques including
oxygen pick-up measurements, cold sample/hot gas and hot sample/cold
gas devices at low velocities, as well ag different arc plasma facilities
capable of covering the 50-1500 BTU/ft'sec flux range under conditions
equivalent to speeds up to Mach 12 at altitudes up to 200, 000 feet were
employed. Stagnation pressures were used covering the range between
0.001 and 10 atmsopheres. Splash and pipe tests were performed in order
to evaluate the effects of aerodynamic shear. Based on the present re-
suits, this range of heat flu3: and stagnation enthalpy produced surface
temperatures between 2000 and 6500 0 F. The present report describes
the facilities and techniques employed for performing the HG/CW tests.

B. Summary

Exposures were performed in the Model 500, ROVERS and
Ten Megawatt Arc Facilities at Avco/SSD. The range of conditions em-
ployed in these tests covered stagnation pressures between 0. 002 and 4. 0
atm., stagnation enthalpy between 200Q and 16, 000 BTU/lb, cold wall
heat flux between 100 and 1500 BTU/ftfsec and exposure times between
30 and 23, 000 seconds. Diagnostic measurements included continuous
recording of surface temperature and radiated heat flux as well as color
motion picture footage. Measurements of in-depth temperatures were
reported for selected models. Although most of the testing was performed
on flat faced right circular cylinders some hemispherical capped samples
and some pipes were tested as well.

Characterization of the test environment was performed prior
to each test by measuring stagnation pressure, stagnation enthalpy and cold
wall heat flux. These measurements were performed by means of water

0ooled probes, energy balance measurements, and transient and steady
state calorimetry. The heat flux calorimeters were of the same geometrical
configuration as the tust models. Measurements of surface brightness
temperature at k = 0.65 microns were carried out employing an IDL recording
pyrometer while an Eppley thermopile was used to monitor total radiated
heat flux. Brightness temperatures were converted to true temperature by
employing suitable emittance values, while the radiated heat flux data
were employed to compute total normal emittance. Selected measurements



of surface temperature were performed by means of two color pyrometry
in order to confirm the brightnes• tincpcra~ure ,nasurements with good
results.

A series of heat flux measurements were performed in the
Model 500 and ROVERS facilities using a calorimeter of fixed outer diam-eter to disclose the variation of heat flux with radial distance across the
surface of the calorimeter. In addition, the outside diameter of the calor-
imeter was varied in order to ascertain the effect of overall size on the heat
flux. The stream diameter was 0.60 inches and 2.25-3. 00 inches in the
Model 500 and ROVERS facilities respectively. Transient and steady state
calorimeters were employed to measure the heat flux. These calorimeters
were 0. 125, 0.250, 0.375, 0.450, 0. 500 and 0. 750 inches in diameter. In
addition, the shroud diameters were 0. 500 and 1. 500 inches.

The results of these calibration studies in the Model 500 showed
that most of the measurements could be described by a +1016 band independent
of diameter. A peak was noted near a diameter corres-nding to 0. 375 inches.
In addition, slightly lower heat flux levels were noted with the 1. 500 inch
shrouds than in the cases where 0. 500 inch shrouds were employed. The
explanation of this result is not evident in view of the 0.600 inch diameter
stream.

The heat flux dependence on calorimeter radius in the ROVERS
facility showed that most of the data fell within the +10% band independent.
of calorimeter size. As expected, the heat flux obierved with a 0.500 inch
diameter shroud was larger than observed with a 1.500 inch shroud. How-
ever, while the expected ratio is %3 or 1.73, the observed ratio was about
1. 20. The values obtained for the 0. 500 inch diameter shrouded calorimeter
were about 10% higher than the values predicted on the basis of a Fay-lRddell
calculation. However, the results obtained with the 1. 500 inch shrouded
calorimeters were 5016 higher than that calculated on the basis of Fay-Riddell.
Since the stream was 2, 25 to 3.00 inches in diameter in the ROVERS tests,
the agreement between the computed and observed results for the 0. 500 inch
shroud tests is encouraging. At the same time, it is not clear why the tests
of 1. 500 inch shrouded calorimeters yielded such high heat flux results.

Experiments were performed in the Model 500 in order to
determine the in-depth temperatures of test materials. A micro-optical
pyrometer was employed to measure the temperature at the base of a
cavity drilled from the rear of the model to within 0. 100 inch of the heated
face. For oxide forming materials like ZrB? and Hi-Ta-Mo, the tempera-
ture at the in-depth station was found to range from 500 to 1900OR lower than
the surface temperature. In order to determine the surface temperature,
the heated face of the sample was continuously monitored during the test
interval with a recording pyrometer operating at a wavelength of 0. 65 microns.
Corrections for spectral emittance allow the conversion of measured bright-
ness temperatures into true temperatures. In some cases, a heavy oxide
deposit forms on the heated surface, while the remainder of the test sample
is essentially in the virgin state. Since the surface temperature is measured
in the area of the oxide deposit, there is some question concerning the temper-
ature distribution behind the deposit. A steep temperature gradient may result
if the oxide layer acts as an insulator, thus restricting the flow of energy into
the sample.

3



The current tests in the Ten Megawatt Arc Facility con-
sisted ofexhausting a supersonic arc jet onto a splash or pipe model
held in graphite fixtures. Heat flux, stagnation pressure and enthalpy
were determined for each exposure. Continuous measurements of
surface temperature and recorded color motion pictures were also made
for each test. Test time was limited to twenty seconds.

hgvlct Sixteen refractory material models were exposed to the
high velocity flow of air in the Mach 6 Wave Superheater Hypersonic
Tunnel. Data were taken in two 15 second tests of eight models, each
at a velocity of 10 4 ft/sec. , a stagnation pressure (at the model nose)
of one atmosphere, and a tunnel flow rate of 2. 5 lb/sec. The models
were designed to permit their surface temperature to approach the ra-
diation/aerodynamic heating equilibrium value during each exposure to
the test stream at q(R)ied = 90 BTU/ft3/2 sec. Temperatures in excess
of 4000•R were expected from all models. The models were returned
to ManLabs for post exposure analysis. All sixteen models tested were
hollow hemispheric cylinders. The "elox" process was used to bore from
the aft end to provide a uniform material thickness which was nominally
1/8 inch. The diameter of the bore was a nominal 1/4 inch for the thirteen1/4 inch nose radius models and 3/4 inch for the three 1/2 inch nose radius

models. The purpose of the shell or "thimble" design was to promote
faster wall temperature response so as to approach the radiation equili-
brium wall temperature as rapidly as possible. Eight models and a single
1/4 inch nose radius steady-heating copper calorimeter were mounted in
the tunnel by a multiple sting arrangement.

The test conditions which exist in the Wave Superheater

:Hypersonic Tunnel are tractable throughout a test by virtue of a computer
program which interprets the recorded (pressure and temperature)
time histories of the supply gases. As determined by this data reduction,
the test conditions are not instantaneously established but exhibit a
transient of about six-tenths second duration. The transient is terminated
by a twenty to thirty millisecond step change to the final test conditions.
Both the stream reservoir pressure and enthalpy undergo this transient
in a manner that produces a stream heating capacity during the plateau
portion of the transient of 85% of the value appropriate for the steady
state test conditions. The heat transfer rate to the 1/4 inch spherical
nose radius calorimeter measured during the transient was about 500 BTU/
ft 2 sec. Because this is 85% of the value for the test, the steady state
value is in agreement with the intended 600 BTU/ft 2 sec. Calorimeters
used in the Wave Superheater facility are normally expected to burn out.
The gage life was greater than one second. Although the gage was too hot
after the transient to obtain quantitative heat transfer data, the recorded
temperature signal from the calorimeter is very smooth, precise, and
clearly represents the 600 BTU/ft 2 sec level.

An analysis of the surface temperature response o0these
models allowing for convective heating and losses via radiation arid con-
duction is presented in order to evaluate the effects of wall thickness on
the temperature response of hemispherical shells.
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II, HOT GAS/COLD WALL TESTS AT AVCO/SSD

A. Introduction

Hot Gas/Cold Wall oxidation testing was performed at i1
'I Avco/SSD under the direction of H. Hoercher. j. P.Tccaso, .

Broughton and R. Abate were actively engaged in performing these
tests. Exposures were carried out in the Model 500, ROVERS and
Ten Megawatt Arc Facilities. The range of conditions employed in
these tests covered stagnation pressures between 0. 002 and 4. 0 atm,
stagnation enthalpy between 2000 and 16, 000 BTU/Ib, cold wall heat
flux between 100 and 1500 BTU/ft2 sec and exposure times between 20
seconds and 23, 000 seconds. A full spectrum of diagnostic measure-
ments including surface temperature and radiated heat flux was con-
tinuously monitored during the exposures. Complete color film
coverage was reported for selected models. The following sections
describe the facilities, calibration techniques for characterizing the
level and distribution of stream parameters, as well as the material
characterization measurements. Although most of the exposures were
splash tests conducted on flat faced right circular cylinders, some
testing of hemispherical capped samples and some pipe tests were
carried out.

B. Testing in the Model 500 Arc

1. Description of Facilities

The Avco Model 500 Plasma Generator is em-
ployed as a heat source to evaluate the hyperthermal properties of
materials. The basic parts of the arc apparatus are the anode and
cathode. Air is heated to a high temperature by passing it through
an electrical arc discharge between the anode and cathode. The gas
is injected tangentially into a chamber and flows through the region
occupied by the arc discharge, momentarily becomes part of the dis-
charge, and then flows through a plenum or mixing chamber where
initial inhomogenities in temperature and velocity are dampened.
Finally, the plasma passes out of the system, into the laboratory
atmosphere, through a 1/2 inch diameter subsonic exit nozzle.
Material evaluations are obtained by subjecting test specimens to the
precalibrated plasma at a point 1 inch downstream from the nozzle
exit plane. An overall view taken from the rear of the plasma gen-
erator is presented in Figure 1. Figure 2 is a view taken from the
control room showing the test cell in the background.

Figures 3 through 5 show the Model 500 holder
and a ZrB2 test cylinder. The water cooled copper holder shown in
Figure 3 is fitted with a threaded tungsten adapter rod which fits into
a 1/4 inch diameter hole recessed in the back of the specimnen cylin-
der. Figure 4 shows the holder in the Model 500, while Figure 5 is
a photograph of a subsonic exposure.
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A schematic showing the basic experimaental setup is
presented in Figure 6. A photograph taken from the right- rear of the plasma
generator is shown in Figure 7 with the recording pyrometer in the lower
right and the front surface camera visible slightly above. The 35 mm abla-
tion camera is visible on the extreme left side. The Eppley thermopile and
mirror stop can b, -en in the center foreground of Figure 8.

2. Calibration Techniques

A test environment can be characterized by values of
stagnation pressure and stagnation enthalpy for suitably uniform parallel
test streams of relatively large extent. In practice, the following quantities
are determined by the characteristics of the strearm: (a) heat flux to the sur-
face and (b) shear stress at the surface. The calibration of the plasma then
consists of the determination of these parameters.

. pa The enthalpy of the plasma is determined from a
simple energy balance using Eq. 1

0. 948 (P in" Ploas) 0 . 9 4 8 Pnet

S where ie stagnation enthalpy of the plasma (BTU/lb), Pin power in-
put to arc, volts x amps (KW), Ples5 = power loss to cooling system,
determined from measurements of cooling water mass flow and temper-
ature rise (MW), Pnet = net power delivered to the gas (KW) and I9(
gas mass flow rate (lb/see).

With suitable empirical choice of power input to
the arc, power loss to the cooling system* and gas mass flow rate, gas
(air) euthalpies can be generated over a range of 400 to 12, 000 BTU lb.

Steady-state measurements of laminar heat trans-
fer from the plasma jet to a flat surface are made with a constant-flow
water calorimeter constructed of copper. Figure 9 is a schematic of
the Avco calorimeter assembly. Measured heat transfer occurs through
the central circular are a, the diameter of which usually matches the test
specimen diameter. The 1-1/2 inch diameter water-cooled annular
guard ring (shield) surrounding the sensor prevents heat transfer tothe
sides of the calorimeter in order to insure one-dimensional heating,
Heattransfer rates to flat faced cylinders cover the range of 30 to 1300
BTU/ftZsec over the test enthalpy range noted above.

A view of the Avco calorimeter with no plasma
flow is shown in Figure 10 and Figure 11, illustrating the calorimeterimmersed in the plasma jet.

Power loss to the cooling system is increased by lengthening the plenum
section. This results in more energy transfer to the plenum wall,

6
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INoi-•imaly, the diameter of the sensor portion of
the Avco calorimeter assembly is chosen to match the test specimen
diameter in order to simulate the interaction of the plasma with the
specimen. However, a 3/4 inch diameter calorimeter sensor was em-
ployed in most of the ManLabs testing (1/2 inch diameter specimens)
in order to be consistent with previously established test methods.
Experiments have been performed in order to determine the relation-
ship between the 3/4 inch and I/Z inch diameter calorimeter sensors
(both installed in 1-1/2 inch diameter shields) when exposed to the
Model 500 plasma.. As expected, due to the radial decay in jet im-
pingement heating, the 1/2 inch diameter calorimeter yielded 14 to
37 percent higher heating rates over the heat flux range employed.
The reslts of the experiments are presented in Figure 12.

Stagnation pressure measurements are obtained
by inserting a water-cooled probe into the plasma. Impact pressure
meastrements taken on the arc axis at a point 1 inch downstream from
the nozzle exit plane have been found to agree with arc plenum pressure
measurements. A view of the pressure probe with no plasma flow i .
shown in Figure 13. Figure 14 shows, the probe immersed in the plasma'
jet.

In addition to the plasma calibration, the following
data is obtained in order to characterize and evaluate materials. .loth 'K
profile and front surface motion pictures can be taken of the test spedi-
men during the ablative process. The front surface motion pictures arc
obtained with a 16 mm Bell and Howell camera (adjustable framing rate).
The silhouette photographs used for determining the specimen ablative
velocity are obtained using a 35 mm Flight Research Laboratory camera
(adjustable framing rate). Total radiation measurements reported were
made with a single junction Eppley thermopile. Surface brightness
temperatutre is measured with an Instrument Development Laboratories
(IDL) recording pyrometer*. If a sample is instrumented, all electrical
outputs can be simultaneously recorded on magnetic tape and on a
Consolidated Electro-Dynamics Corp. (CEC) oscillograph.

Initial power setting and gas mass flow rate to the
arc are selected in order to generate a particular enthalpy, heat flux
and jet Mach No. environment. In the case of the present testing pro-
gram, the environment is selected to yield the desired specimen surface
temperature.

The plasma is probed with diagnostic instruments
(stagnation pressure and heat flux probes) immediately prior to insertion
of the test specimen. All plasma calibration data (net power, plenum
pressure and mass flow) and material characterization data (total radia-
tion, surface temperature and front surface motion pictures) are contin-
uously recorded throughout the test interval.

*Operating at X = 0. 65*.
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A test specimen is shown installed in testing posi-

tion in Figure 8. Figures 15 and 16 are specimen photographs of a
sample of HfBZ + SiC(A-4) obtained during an 1830 second exposure at
Math 0.38. The stagnation pressure and enthalpy were one atmosphere
Sand 5565 BTU/lb respectively. The one half ijch diameter sample was
exposed to a cold wall heat flux of 915 BTU/ftsec and a surface temper-
ature of 5Z00 0 F was attained. The total recession during the 1830
second exposure was 188 mils.

In addition to these measurements, two-color
pyrometer measurements were performed during the course of expo-
sures: HfB$+SiC(A-4)-ZM, PG(B-6)-9M, BPG{B-7)-6M* JTA(D-13)-2M,
HLBZ+35%SiC(a-9)-6M and Si/RVC(B-8)-13M. The results agreed with
,the measured brightness temperatures and the average spectral emittance
values at k a 0. 65p. A final check of temperature measurements was ob-
tained by melting molybdenum (melting point 5220 0 R, e = 0. 30 at X =
6..65) and tungsten (melting point = 6570%R., t 0. 41 at X - 0.65) in nitro-
sen streams in both the Mgdel 590 and ROVERS. Bqth set# of melting

1,6oint meaaurements (5Z50 + 30 R-Model 500, 5190 + 30 ,t-ROV'ERS
.for; molybdenmn and 68500 ."110 0R-Model 500, 6710-+. 70 R-ROVERS
for tungsten) agree well wif the accepted values.

Experiments were performed in the Model 500-5
Plasma Generator Facility in order to determine heat flux distributions
&cross the heated,, surface of flat faced specimens. Results are presented
'for five (5) transient calorimeters, diameters ranging from 0. 125 to 0. 500

Sinches, and two (2) steady-state calorimeters, 0. 500 and 0. 750 inch diam -
Seters. In order to test materials in the Model 500-5 Plasma OGnerator
Facility (Model 500 Arc), a cylindrical sample having a diameter of 0. 500
inch is placed into a 0. 600 inch diameter subsonic jet. The heat flux to
this sample is normally measured using a steady-state, water cooled
calorimeter which has a diameter of 0. 500 inch and is centrally located
in a water cooled shroud having a dia'°eter of 1.50 inches. The purpose
of the described study is to determine the heat flux distribution across

' the heated surface of calorimeters having different diameters but con-
stknt shroud diameters. In this manner, heat flux distributions can be
determined and applied to sample tests. In addition, the effect of shroud
diameter on local heat transfer rates can be ascertained.

Transient and steady-state calorimeters were tested
at two discrete levels of enthalpy and heat flux in the Model 500 Arc. The
transient calorimeter assembly (Figure 17) was designed to simulate the
plasma, interaction with a specimein 1. 00 inch long and 0. 500 inch in diarn-*tar mounted on a conical sting. Hopefully, this method would provide an

accurate measurement of the heat flux distribution across the front face of
the test specimen. A 1. 500 inch diameter shroud section was employed in
those tests where it was desired to obtain the effect of a large shroud
diameter on heat transfer to the calorimeter and a comparison between
the transient and steady-state calorimeter shown in Figure 18. A typical
test specimen of the geometry described above is presented during a test
exposure in FigurQ 19. Figure 20 shows one of the current transient
calorimeter tests. Pictorial views of the transient calorimeter assem-
blies are presented in Figures 21 and 22.
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Heat flux measurements obtained with the steady-

state, constant-flow water calorimeter are based on measurements of
water mass flow rate (k1) and temperature rise (AT). Measured heat
transfer occurs through the central circular area (see Figure 18), the
diameter of which is selected to coincide with the test specimen diam-
eter. The 1. 500 inch diameter water-cooled shroud surrounding the
sensor insures a one-dimensional heat path to the sensor. Usuallythe
calorimeter is exposed to the plasma jet for periods of up to 60 seconds.
After a transient period of approximately 15 seconds, the coolant tem.-
perature rise (AT) reaches a constant level. Solution of the equationq = IMCVT yields the measured heat flux rate (where Cp to the speci-
fic he af of water).

Heat flux measurements obtained with the trans-
ient calorimeter are determined by measurements of front face tem-
perature as a function of time. The transient calorimeter consists ofa
cylindrical copper body instrumented with a single chromel.-alumnel
thermocouple sensor (see Figuw'e 17). Placement of the thermocouple
sensor (hot junction) within the copper body causes the intoral tempera-
ture distribution to differ from that obtained in the absence of the tbernio.
couple. Implanting the thermocouple at a particular location (null point)
in the copper body results in a device which indicates the undistrubed
surface temperature (1- 6)* of the copper slug. Thermocouple outputs
(time-temperature his-oiie s) were simultaneously recorded on a multi.
channel CEC oscillograph and magnetic tape. The results were then
digitized at the rate of 40 samples per second and fed into a computer
program for solution of the one-dimensional differential equation for
heat conduction:

a 8 *T (Tk pCp (2.)

To insure one dimensionality, the calorimeter is insulated from the body
holder in which it is installed by a small clearance (0. 001 ihch) along the
sides and by a Mica insulator on the rear face of the calorimeter. There-
fore, solution of the differential equation for heat conduction with the im-
posed boundary conditions allows surface heat flux to be determined as a
function of time (7). Generally, the transient calorimeters were exposed
to the plasma Jet Tor periods of less than 3.5 seconds due to the high heat-
ing rates involved,

All test calorimeters were mounted on remote
controlled stings to allow insertion or withdrawal from the plasma jet
as required, A typical testing sequence involved a power input adjust-
ment to yield the desired heat flux and enthalpy levels followed by a
0. 500 inch diameter steady-state calorimeter measurement. The trans-
ient calorimeters were then exposed to the plasma in rapid succession fol-
lowed by a measurement with the 0. 750 steady-state calorimeter. In
Figure 23, the calorimeters used in Tests I and Z are shown mounted on
the remote controlled stings. For Tests 3 through 6, the 0. Z50 inch and

*Underscored numbers in parentheses indicate References given at the

end of this report.
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0. 375 inch diameter transient calorimeters were replaced with the 0. 450
and 0..500 transient calorimn 'ters. The calorimeters used in Tests 5 and
6 are presented in Figure 24. As shown in Figure 22, the transient

calorimeters are fitted with 1. 500 irch diameter shrouds. A typical
transient calorimeter with a 1. 500 inch shroud is presented during a test
in Figure 25.

A summary of the test conditions and heat flux
measurements is presented in Table 1. The steady-state heat flux
measurements given are the constant values that were achieved during
60 second calorimeter exposures. The transient calorimeter data was
obtained by curve fitting heat flux as a function of time data points, a
typical plot of which is shown in Figure 26. No data was obtained for
the 0. 500 inch diameter transient calorimeter without the 1. 500 shroud
attachment, since significant side heating occurred without the shroud
and nullified the one-dimensional heating concept. After an initial
transient interval (see Figure 26), the transient calorimeters indicated
near constant level heat fluxes. A portion of the transient response
results when the calorimeter traverses the plasma jet during insertion
into testing position on the jet axis.

A plot of normalized heat flux as a function of
calorimeter diameter is presented in Figure 27. There is good agree-
ment (within 8%) at each calorimeter diameter, and the data appears to
have a smooth distribution with the exception of the 0. 450 inch diameter
data. An apparent dip in the heat flux distribution was measured by the
0. 450 transient calorimeter installed in both the 0. 500 and 1. 500 inch
diameter shrouds, The installation of the 1. 500 shroud on the 0. 450tLansient calorimeter produced no appreciable effect at both test con-
ditions. As expected, the 0. 500 transient calorimeter installed in the
1. 500 inch diameter ohroud showed excellent agreement with the 0. 500
steady- state calorimeter.

The 0.750 inch diameter steady-state calorimeter
indicated hea. fluxes approximately 10 to 2056 lower than the 0. 500 steady-
state calorimeter. The relationship between the 0. 750 and 0. 500 steady-
state calorimeters is also given in Figure 28. A curve fit through the
current data (stabilized arc column) indicates approximately 10% lower
heat fluxes measured with the 0. 750 calorimeter. This is a considerable
improvement over the nonmagnetically stabilized arc data.

The general trend of the measured heat flux dis-
tribution indicates slightly higher heat fluxes with increasing transient
calorimeter diameter until a riaximum is reached at a diameter of 0. 375
inch (see Figure 28). The data obtained with the 0. 450 inch diameter
transient calorimeter ranges between the 0. 125 and 0. 250 transient data.
The 0. 500 inch diameter steady-state calorimeter data falls in the range
of the 0. 250 and 0. 375 transient data, and the minimum readings occur-
red with the 0. 750 steady-state calorimeter. Within the range of calori-
meter diameters from 0. 125 to 0. 500 inches, it appears that measured
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heat flux is not a strong function of calorimeter or shroud diameter.
Therefore, it is concluded that heat fluxes obtained with the 0. 500
inch diameter steady-state calorimeter mounted in a 1.500 shroud
are a valid measurement of the heat flux experienced by the front
face of a 0. 500 inch diameter cylindrical test specimen.

These measurements of radial heat flux dis-
tribution can be considered by normalizing the data given in Table 1
to accommodate the different stagnation enthalpy and pressure levels
employed in Tests 1-6. This can be done as indicated in Table 2
since the pressure variations between tests is small and the heat flux
proportional to i times (Pe)1 / . Plotting the ratio of Averaged Normalized
Flux to Average Normalized Flux for a 0. 125 inch transient calorimeter
in a 0. 500 inch shroud yields the behavior shown in Figure 29. This
representation shows that most of the results can be accommodated
with a +10% band. However, a peak is noted near 0. 375 inch as
indicated earlier (Figure 27). The differences between vesults ob-
tained with 0. 500 and 1. 500 inch diameter shrouds are presumably due,o,..
to the finite stream diameter (0. 600 inches) and the actual pressure
gradients for different Lhroud diameters.

4. Measurement of Temperature Gradients through
Oxide Films Formed on SamRles During Arc.
Plasma Exposures in the Model 500

Experiments were performed in the Model 500-5
Plasma Generator Facility in order to determine the in-depth tempera-.-,
ture of test materials during arc plasma exposures. A micro-optical.
pyrometer was employed to measure the temperature at the base of a,
cavity drilled from the rear of the test specimen to within 0. 100 inch
of the heated face. The terpperature at the in-depth station was found
to range from 5000 to 1900 R lower than the surface temperature. JIn
order to determine the surface temperature, the heated face of the,
sample was continuously monitored during the test interval with a
recording pyrometer operating at a wavelength of 0.65 microns. Cor-
rections for spectral emittance allow the conversion of measured
brightness temperatures into true temperatures. In some cases a
heavy oxide deposit forms on the heated surface, while the remainder
of the test sample is essentially in the virgin state. Since the surface
temperature is measured in the area of the oxide deposit, there is some
question concerning the temperature distribution behind the deposit. A
steep temperature gradient may result if the oxide layer acts as an in-
sulator, thus restricting the flow of energy into the sample. A slight
separation between the oxide layer and base material could produce a
significant heat blocking effect. Consequently, the objective of this
study was to simultaneously measure the surface and in-depth tempera-
ture along with all of the other parameters customarily employed for
material evaluation studies. Results are reported for four samples of
ZrB,(A-3) and four samrples of Hf-Ta-Mo(I-23).
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A water cooled model holder wae designed to

provide a view of the rear of the test sample during the plasma ex-
posure. The overall geometry of the new fixture is similar to that
of the standard model holder employed in the ManLabs testing pro-
gram. Visual access to the rear of the test sampl6 is accomplished
through. a sight tube (see Figure 30) and a front surface mirror. In
addition, the design provided a method to introduce a helium purge
to the rear of the test sample. A photograph of the model holder with
a test sample mounted in position for testing is presented in Figure 31.

The heated surface of the test sample was moni-
tored with a recording pyrometer manufactured by Instrument Develop-
ment Laboratories, Inc. (IDL). A micro-optical pyrometer was em-
ployed to measure the in-depth temperature at the base of the cavity.
Both pyrometers operate at a wavelength of 0. 65 microns. The micro-
optical pyrometer was instrumented and calibrated to provide a con-
tinuous output record. Thus, it was possible to record both the our-
face and in-depth temperature as a function of time.

In order to account for the reflectivity of the
front surface mirror, the micro-optical pyrometer was calibrated
with the same optical arrangement employed in the specimen tests
(see Figure 30). The 340 angle of incidence and the overall optical
distances were held constant during the calibration and specimen
tests. An NBS calibrated tungsten ribbon filament lamp was used to
calibrate both pyrometers. A photograph of the experimental set-up
is presented in Figure 32, and Figure 33 is a photograph of the side
of the sample during a plasma exposure, the sample being ZrB2 (A-3)
inthis case.

The experimental results are presented in
Table 3. In Table 4, temperature and radiation data are given as
a function of time. Figures 34 and 35 are post-test photographs of
the samples.

It is apparent that a substantial difference exists
between the temperature measurements taken at the surface and in-
depth station. A spectral e.mittance (40. 65) of 0. 57 was used for the
surface temperature correction for the ZrBZ(A-3) and 0. 55 was used
for the Hf-Ta-Mo(I-23). Blackbody conditions (e0. 65 : 1.0) were as-
surned for the in-depth temperature for both materials.

The time-temperature history for sample Hf-
Ta-Mo(I-23)-3MC is plotted in Figure 36. After an elapsed test time
of 1560 seconds, a sudden increase in measured temperature and rad-
iation occurred and was soon followed by a burn-through. An in-depth
temperature of 42800 1R and a surface temperature of 5340°R (l060oR
difference) were measured immediately prior to the increase at 1560
seconds. During the transient interval from 1560 seconds until burn-
through occurred, the in-depth temperature approached the surface
ternperature until a final temperature difference of approximately
5506i was measured.
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In general, the temperature at the in-depth station

was found to range from 5000 to 1900OR lI•wer than the surface tempera-
ture. Melting and burn-through of the W{f-Ta-Mo material began when
the in-depth temperature reached 4280'6Z., while the surface temperature
was considerably higher. Rapid melting and burn-through of the ZrBi
material occurred with a surface temperature of 6342 0 R, while the in-
depth temperature was only 4420°R. Results of post-exposure metal-
lography are presented in Section 1!. B of Part MII Vol. MII of this series. Figures
37 and 38 are post exposure photomicrographs through samples ZrB2
(A-3)-ZMC and Hf-ZOTa-ZMo(I-23)- IMC showing the sighting hole and
the tungsten sting.

5. Comparison of Heat Flux Measurements with
FLat Faced and Hemispherical Gap-ped Calor-
_imeter in the Model. 5J Faclityq

Testing of hemispherical tipped specimens in
the Model 500 Plasma Arc required the use of a special calorimeter
te, measure the stagnation point heating. The hardware employed JA
previous calorimetry tests (Section 71-B-3) was employed with only
a slight modification. Figure 39 shows a 1/8 inch diameter calori-
meter. This fits into the 1/2 inch diameter shroud which has been
machined to a nose radius of 0. 250 inch and provides a means of "

directly measuring the stagnation point heat flux. A method of
comparing these measured values with those obtained with the stan-
dard 1/2 inch diameter water cooled calorimeter in a 1. 500 inch
diameter shield is discussed below.

Changing the curvature of a "jet impingement"
surface has the effect of changing the stagnation point velocity gradient
(du/dr)o, and from the general stagnation point heat transfer equation
it is known that

1/2

q durS (3)
0

In their work with cold jets, Snedecker and Donaldson (8) found that the
effect of surface curvature on (du/dr)o is given approxiinately by the
expression

du Vc + 1 08 (4)

where

r0.. = the radial distance at which the velocity is one
half the centerline velocity

Vc = the centerline velocity

rs = radius of curvature of the impingement surface
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This equation was derived from tests conducted in a fully developed cold
jet where -0. 6 <r 0 . 5 /rs < 0. 6. the negative values arising for concave
surfaces. If it-Is assumedthat this expression holds for the Model 500
arc jet then the ratio of stagnation and a flat faced calorimeter is as
follows:

1/du / 1/z r /Z

qH dr (1.13+ 1.08 -
-H CH - . rBH

- iaz(5)
FF du V riZ I0 5F --!--r .5[) 13+ 1,08 0.

CFF r
0.5 rsFF

aso that

113 1.080.5)
:, 1/28qH F* r I(6)

qFF 1.13 J
Since the tests were conducted at a distance of only 1 inch from the nozzle
exit, little mixing with the ambient fluid could occur and of necessity r 0 5
must be of the order of one nozzle radius or 0. 250 inch. Using this value

q

- 1.40 (7)vqFF

This analysis is largely over simplified and the
given ratio of 1. 40 is by no means an absolute value. However, it does
present an explanation for the large differences in heat flux values
measured with hemispherical and flat faced calorimeters. Figure 40
shows the experimental data where the actual ratio of q"/qFF ranges
from 1.38 to 1. 50.

C. Testing in the ROVERS Arc

1. Description of Facilities

The Avco/SSD ROVERS facilit- can be employed
for simulation of reentry or a hyperthermal environment in the labora-
tory. It is capable of simultaneously producing radiative and/or con-
vective heating in a low pressure environment. The facility, shown
schematically in Figure 41 and pictorially in Figure 42, consists of
two types of heaters. An electric arc gas heater, with a supersonic
nozzle, produces the convective heating. It is powered by up to four
kw rectifiers. The radiative heating is produced by four argon gas-arc
imaging lamps. Each lamp is powered by two 40 kw power sources,
and the lamps can be operated at pressures up to 400 psla. These two
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heating sources are positioned as schematically shown in Figure 41. The
test specimen is mounted inside of a double walled water cooled tank which
is 6 feet in diameter and 16 feet in length. The tank is evacuated by a
33,000 ft 3 /min vacuum system (at 10-1 torr) to simulate the low pressure,
high altitude environment. There are model injectors, probes and sample
injectors, as called out in Figure 41, for positioning models, calorimeters,
or probes into the jet stream. Although there are several types of tests
that can be performed with one or both modes of heating, only the convective
(splash) test will be discussed. Other test :onfiguration details can be
found in the Avco Arc Test Capabilities Manual (9).

The electric arc heater consists of a thoriated tungsten
or modified tungsten cathode, a water cooled copper anode, and a series
of water cooled nozzles with different throat and exit diameters for several
Mach number levels. The design of the unit is based on a constricted arc
configuration (10). Nitrogen tangentially injected is used for arc operation
to prevent oxidr'-tion of the tungsten cathode and to hold contamination of the

exit jet (with cathode material) to less than a few parts per million. Oxygen
is injected into the arc plenum chamber to produce a simulated air jet.
This oxygen injection into the arc plenum makes it possible to systematically
change the chemical composition of the exhaust impinging upon the test
specimen. In addition, a variety of gases singly or in combination could be
used as the working gas. The convective heater is usually operated with
simulated air over a range of enthalpies from 3500 to 20,000 BTU/lb, and
at model surface pressures from 1 to 220 mnm of Hg. With the assortment
of nozzle flow conditions, heat flux values from 10 to 1200 BTU/ftzsec can
be achieved using synthetic air.

Figure 43 shows the arc operating in the test chamber.
Photographs of the test cylinders and holder stings as well as the holder
test assembly prior to and during exposure are shown in Figures 44 and 45.

2. Calibration of the ROVERS Facility

In the'present program, the hyperthermal environments
to which the test specimens are subjected are characterized by the free stream
average enthalpy and stagnation pressure and cold wall heat flux measured
at the test specimen surface. At present, this type of calibration procedure
appears to be the most applicable and least ambiguous technique. The stag-
nation enthalpy of the free stream of the ROVERS Arc is usually estimated
from a simple over-all system energy balance. The enthalpy is obtained by
substracting arc-head cooling power from the electrical power input and
dividing the difference by the gas mass flow rate. The stagnation pressure
is measured using a copper (water cooled) conical nosed pressure probe
having a 0. 125 inch diameter port opening. The arc plenum and static tank
pressures are measured using wall pressure taps feeding into calibrated
transducers or gauges.

For tests in the ROVERS, the average heat flux to the
specimen surface is measured using a combination of null point transient
calorimeters and water calorimeters (11).

*Radiatlon Orbital Vehicle Reentry Simulator
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Figure 46 shows a typical water calorimeter. The
centrally located 5/8"diameter calorimeter is thermally insulated from
the 1-1/2 inch diameter water cooled shroud. Although this calorimeter
is a steady-state device and consequently does not have instantaneous
response, it has been found to be reliable, accurate, and reproducible.
Used in conjunction with the water calorimeter is the transient "null point"
calorimeter. The transient calorimeter with varying diameter shrouds is
shown in Figure 47. Calorimeters employing both these methods of measuring
heat flux have been used and have been found to give results that are reasonably
consistent providing the geometry of the holder is not drastically changed.
For the case at hand, the sample is a 1/2 inch diameter right hand cyclinder.
Two calorimeters to measure heat flux to this sample configuration were
built and tested; namely, a 3/8 inch diameter transient null point calorimeter
having a 1/2 inch diameter copper shroud and a 5/8 inch diameter water
cooled calorimeter with a 1-1/2 inch diameter shroud. Figure 48 presents
a comparison of the results. From Figure 48 it is evident that both calori-
meters give consistent heat flux values for the same flow environment. For
the tests conducted in the ROVERS facility, the reported heat flux data is
for the water calorimeter (5/8 diameter) using a 1-1/Z inch water cooled
shroud. The surface brightness temperature of the specimen is measured
using a manual pyrometer. This monochromatic pyrometer employs a
disappearing filament technique and a 0.65 micron filter. These brightness
tempe'ratures are corrected to true surface temperatures using known or
assumed spectral (0.65 micron) ernittance values.

The total energy radiated from the surface of the
specimen is measured with a single junction, water cooled Eppley thermo-
pile. The technique is discussed in Reference (12). Basically, it is re-
quired that the image of the specimen envelops tTe- detector. With small
diameter specimens special care and alignment is necessary to obtain the
proper focusing on the detector.

3. Measurement of the Radial Heat Flux Distribution
Across the Heated Surface of 1lat Face Cylinders
in the ROVERS Facility

In the current program, cylindrical samples of nominal
0.500 inch diameter were tested in the ROVERS Arc Facility. These tests were
conducted with both the low pressure (3.0 inch exit nozzle) and the high
pressure (2. 25 inch exit nozzle) arcs. The standard instrument for measuring
the heat flux Lo the specimen is a steady state water calorimeter. The
calorimeter diameter is 0.625 inches with a 1. 500 inch diameter shroud to
prevent side heating and insure that the measured flux is only that seen by
the front face. Because of the difference in the configuration of the calori-
meter and the specimens, the following study was performed to see if the
flux measured by this calorimeter is the same as that seen by the smaller
diameter test specimens.

Transient calorimeters of different sizes (0. 125, 0.250,
0.375 and 0.450 inch diameters) were tested using shroud diameters of 0. 500
and 1.500 inches and the measured heat flux was compared to that measured
with the water calorimeter. A complete description of the hardware used
for these tests is given in Reference (13). The transient calorimeter
assemblies were mounted on remotely'-controlled stings, as shown in Figure 49.
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This allowed the consecutive testing of three transient calorimetwrs and the
water calorimeter also shown in Figure 49 which could be rotated in and out
of the jet stream.

A complete list of the heat flux data generated is
presented in Table 5 along with the arc test conditions. The low and high
pressure arc data are plotted in Figures 50 and 51, respectively, where
the transient calorimeter results are normalized with the values measured
with the water calorimeter. It is evident from these plots that there Is
very little change in the measured heat flux with an increase in the diameter
of the calorimeter sensor size. It is also evident, however, that the size
of the shroud has a definite effect on the level of flux measured. The flux
levels measured with the 0.500 inch shroud are approximately 10% higher
than the water calorimeter data, while the results using the 1. 500 inch
shroud are approximately 10%0 lower. These differences were seen in both
the low and high pressure arc data. The comparison of all th0 transient
and steady state calorimeter data in Figure 52 shows nearly all the points
falling within 10%o of the equality line. On this basis, it appears that for a,
given configuration (overall diameter of test specimen or calorimeter shroud)
the diameter of the calorimeter sensing element has little effect on the
heat flux measured in the ROVERS Arc tests i:n both the low and high
pressure arc heads.

These measurements of radial heat flux distribution
provide some unusual results. Reference to Table 5 and Figures 50 and 51
shows that the flux meaaured by means of a transient calorimeter in a 1.500
inch diameter shroud was 90% of that measured by using a water calorimeter
having a 1. 500 inch diameter shroud. This result is insensitive to changes
in the diameter of the transient calorimeter between 0. 125 and 0.450 inches.
Since the diameter of the ROVERS stream is 2. 25 to 3. 00 inches, it was
expected that the heat flux to a calorimeter with a 0.500 inch diameter shroud
would be '83 times larger than the heat flux to a calorimeter with a 1. 500 inch
shroud. This expected behavior is based on fundamental boundary layer
scaling. Reference to Figures 50 and 51, however, show that the ratio of
fluxes measured with 0.500 inch and 1.500 inch shrouds is about 1.20 rather
than 1.73.

If the data shown in Table 5 are used to compute the
heat fluxes for tests 1-8 based on calculated stagnation pressures of 0.015
and 0. 175 for the low and high pressure tests witha factor of Z. 5 to convert
geometrical ro/dius to effective radius*, the results indicate that the flux
measured with a transient calorimeter in a 0.500 inch shroud is about 10%
higher than the Fay-Riddell values. The flux measured with a transient
calorimeter in a 1. 50 shroud is about 50% higher than the Fay-Riddell value.
Thus, $Ae smaller shroud results in values which are closer to Fay-Riddell
as expected. However, the reason for the large discrepancy observed with
the lage shrouds (higher measured heat flux) is not apparent.

CEffective radius refers to the equivalent stagnation point radius of curvature

to attain the same surface pressure gradient and is approximated as equal
to 2.5 times the geometrical radius of the flat fe•ce cylinder.
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' ,I.M 4. easurement of Temperature Gradients through
Oxide Films Formed on Samples During rcPlasma Expsures in the ROVERS Arc

The in-depth temperatures of specimens have been
measured in the ROVERS test facility in a manner similar to that employed
in the Model 500 Arc discussed in Section II-B-4. A micro-optical manual
pyrometer was used to measure the temperature at the base of a flat-

., bottom, 100 mil diameter cavity drilled in the rear 6f the test specimen.
These. holes were either '100 or 400 mils from the initial front surface
of the flat-faced or hemispherical specimen. The base of the cavity was
observed with a set-up similar to that shown in the reference, but a
water-cooled, conical shield was utilized to protect the mirror from the
hot gases. No helium purge was used as in the reference. Figure 53
-..., shows the test set-up; the model is in the test position. Figure 54 shows

specimen being tested.

a......and.a used The manual pyrometer was calibrated twice using
a new and a used mirror with a pyrex window. For calibrating, the equip-
ment vwas arranged similar to that in the test set-up, but no set angle of
incidence was held as in the reference. No difference was found in the

results when either mirror was used, and the mirror-window combination
showed about a 3 percent decrease in temperature.

5. Comp~arison of Heat Flux Measurements with Flat
Faced and Hemis pherical Capped Calorimeters in
h, e,.ROVERS Facility

Flat faced and hemispherical capped models were
tested in the ROVERS Arc facility at stagnation pressures between 0.1 and
0.2 atmospheres. For the flat-faced specimens the standard water calori-
.meter was used. However, for comparison a transient calorimeter, which
was mounted inside a shroud to match the specimen shroud diameter, was
also used. In order to measure the stagnation point heat flux to the hemi-
spherical specimens, a transient calorimeter in a hemispherical shroud
to match the specimen shape was used. The calorimeter design, was
essentially that described in Section I1-B-5, where each model shape is
described separately.

To achieve the 0.1 to 0.2 atmosphere impact pressures
a Mach 2.2 nozzle was utilized with a 0.5 inch diameter throat and a 0.75
inch exit diameter. This nozzle produced a jet considerably smaller in dia-
meter and flow conditions distinctly different from those with the Mach 3. 2
no zzle.

As indicated earlier (Section II-C-2 and Table 5),
there was a difference in the heat flux measured by a 0. 25 inch flat-faced
transient calorimeter in a 0.5 and a 1. 5 inch diameter shroud when sub-
jected to a Mach 3.2 low pressure jet. Figure 55 shows the results when a
similar calorimeter was placed in a 0.5, 1.0 and 1.5 inch diameter shroud.
The results were compared by normalizing with results of the 0.625 inch
diameter water calorimeter in the 1.5 Inch diameter shroud and plotted
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versus transient calorimeter shroud diameter. Also shown are the values
for the Mach 3. 2 jet. Although the jets physically appear differeznt, the
Mach 2. 2 nozzle results were about 10 percent higher than those obtained
with the Malch 3.2 nozzle and this can be attributed to the higher model
pressure for the Mach 2.2 condition.

The 0.5 and 1.0 inch hemispherical models employed
a 0. 125 inch transient calorimeter at the stagnation point. A pictoral view
is shown in Figure 56; the 0.5 inch calorimeter is shown disassembled.
Since the calorimeters were flat, they were fabricated to blend with the
hemispherical shroud and avoid non-uniformities on the sensing surface.

The results obtained with these calorimeters are
shown in Figure 57. The different radii calorimeters gave abo t the same.
values when the Mach 2.2 nozzle was used. The ther ?etical q'iI rela-
tionship of

qo.A, 1.4 (.)

was not expected because the jet diameter and model size were about the
same. If this were the case, the velocity gradient at the stagnation point
would be similar for the two calorimeter model sizes *ith the smaller dia-L.
meter model having a slightly higher velocity gradient and therefore a
slightly higher heat flux. In all cases the hemispherical calorimeters
experienced significantly higher heat fluxes than the flat-faced water-
cooled calorimeters.

D, ,TESTING IN THE TEN MEGAWATT ARC

1. Description of Ten Megawatt Arc Facility

The Avco Ten Megawatt Arc Facility (IOMW Arc) in
employed as a high pressure, enthalpy heat source to evaluate the lhigh temp-
erature properties of materials. The 10MW Arc Facility consists basically
of a 4 inch diameter spherical plenum chamber, into which four individual
arc heads exhaust radially. The heated air mixes in the plenum and exits
in a direction perpendicular to the plane of the arcs. Using this heat source
and various exhaust nozzles a variety of tests can be conducted oimulating
a wide range of environments. For the current tests, a supersonic arc jet
was exhausted directly onto a specimen retained in a graphite holder. Figure
58 presents an overall view of the 10MW Arc test cell while Figure 59 and
60 present interior views of a conical specimen splash test. The splash
sample in the 10MW Arc in arranged so that the arc-heated gases splash
against the sample (see Figures 61 and 62). In all cases, a Mach Z 1.278
inch diameter exit nozzle was employed. Material evaluations were obtained
at two specimen locations of 1 and 1.5 inches respectively such that varia-
tions in heat flux at constant gas enthalpy could be obtained.
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As show-n in Figure 61, the test model is essentially
a flat disc upon which a finite diameter supersonic jet impinges. When a
model is tested inA a finite diameter supersonic free jet, a shock inter-
action will occur at the intersection of the bow or attached shock and the
free boundary such as shown in Figure 62. For purposes of material
evaluation the sample is centrally located in the graphite holder such as
shown in the post test view of Sample ZrB2 (A-3)H.F-6, shown in'Figure
63,. Consequently, for a first order approximation, the sample is sub-
jected to a one dimensional heating environment. To define this envir-
onment, the heat flux was measured using an Avco null point transient
calorimeter of 3/8 inch diameter held in a 1. 125 inch diameter copperV flat-faced holder. The outside diameter of the graphite sample holder
was 1. 25 inches. The sample diameter was either 0 875 or 0.500 inches.
Consequently, 'the heat flux as measured using the 3/8 inch diamneter calo-

ý,rimeter probably is Slightly higher than existed on the larger diameter
Specimens,

In addition to the heat flux,, the gas enthalpy is de-
..tertnized for each test run*4 In the 10MW Arc a sonic throat technique is
utilized to measure this quantity. The measurements required are the

ý_sonic-throat diameter, gas mass flow and stagnation pressure. The gas mass
flow is preset by mneans of sonic flow orifices located upstream of the arc
unit so that the gas mass flow is constant. A Fischer-Porter flow'Meter is
used to measure the gas mass flow prior to passing into the arc heads. The
stagnation pressure in measured in the plenum chamber by means of a Stan-
-dird pressure transducer whose electrical output is recorded on a CEC
oscillograph. At present, arc current and voltage are also recorded con-
tinitously on the CEC oscillograph. The total test time in determined from
timing lines on the oscillograph. The start of a test is taken when the re-
corded pressure and current traces respond (approximately 0.01 second).
The end of a test is taken when the arc current in terminated. The procedure
uzsed to determine the gas enthalpy is used for both calorimeter and sample tests,

In addition to defining the test environment (heat flux,
enthalpry and 10MW Arc flow parameters) measurements of the sample's be-
havior ia the supersonic stream were also recorded. These included front
surface motion pictures taken with a 16mm Bell and Hlowell camera, surface
brightness temperature using a recording Thermodot pyrometer (operating
at a wavelength of 0.81L) and sample physical dimensions (length and mass).

Prior to sample tests,* heat flux and enthalpy levels are
determined that will yield the desired specimen surface temperature. Once
these parameters are determined, the samples are tested, and are then
followed by additional heat flux measurements. These data are recorded
and reported in the tables presenting the test results.

The test time for each of these samples was limited to
a maximurn of 20 seconds because of the limitations of the graphite holder
which ablated rapidly and in many cases cracked and exposed the sides of
the samples.
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I 3. Pipe Testing in the 10MW Teet Fa•l•ct'

The purpose of this phase of the program was to examine ex-
perimentally the performance of candidate materials in high shear,
turbulent flow steady-state beating environments. In particular, con-
ditions were restricted to a vehicle surface area beyond the sonic point
where turbulent boundary layer flow prevails over the major beating
period,

The Avco Ten Megawatt Arc (10MW) was utiliaed in this
series of experiments. The specimens were machined into a pipe
configuration as shown in Figure 64. A supersonic, arc heated air
stream creates a high shear, turbulent flow environment within the
pipe. The following data are to be obtained from each test:

a) Overall weight loss and pipe diameter change,,
b) Surface temperature history, and
c) High speed color films of the heated surface.'

All supersonic pipe specimens for these tests were
machined in two pieces which were housed in an uncooled copper so4tvI,
as shown' in Figure 64. The upstream end is butted directly against the
10MW sonic noasle and the downstream or exit end is retatmad by a
stainless steel plate. 0 - rings are used in three locations, .ishown,,L'
to prevent any gas leakage through Joints. Tho downstream section 8is
regarded as the test section. The purpose of the upstream section is to
allow damping of flow irregularities and weak shock waves arising frorin
the supersonic expaniion processes in the pipe. Since the pipe geomotry
inevitably changes during ablation or oxidation such disturbances are
unavoidable.

Heat transfer and pressure sunrvys wert made forb non-
ablated pipe shapes to determine the pressure and heat flux distribution'
whih existm along the downstream surface. Nominal pipe test conditions
wera ad follows:

aas Shear
Heat Flux Enthalpy Streas

Condition STU/ft0 sec BTU/lb lb/ft2

A 500 3700 40

B 600 7200 20

Figure 65 shows an overall schematic view of the 10MW supersonic pipe
test configuration, The supersonic configuration differs frova the sub-
sonic test in that thp pipe sample, Is placed downstream of the sonic throat
as shown in Figure 64. The advantages of the supersonic configuration
are as follows:
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1. The sample surface can be observed. An a result,
direct measurements of surface brightness temper-

K M&tae and radiation, as well as motion pictures, canK be taken of the ablating surface.
Z. The e1NOt of abLation products on ar-prtn

S paetassre is el~minated becauseditracsan
uptra in aueroi flowfield.

~ Faiure o ibe e. ~a c~eaao iailluence the upe ra-tinue o ie tet ape ftt* ~ d~raIntin-a, ofZ~t OA0 ares l n t.a .~ et r

fr. %.A~%4 a -.uprsni pipe cofligurationa. a jgreator

provdinga close approximation to IczaJ O.uv cormliioav
im the region of maximum~ ehear on a tihp~.~~.
roe"nr vehicle,,

A ,ýypical circular, supersonic-pipe sample is shown in
Fisur* 66. Thme inner diarbeter of the pipe gample can be varied from
lIZ to -I(uhedepending upon the desired test condition. Ait
shmw in Figure 65 the circular, supersonic pipe can be divided irtto a
triansition section and a test section. Although nontniorm flow occur*
to the first sisetion, meassurcmnets are made only on the downtirearn
portion of the, pipe sampit. The sample@ can be instrurneuted with
thermocouples. Data obtained for each test specimeno include weight
loss. inner-diameter change, surface radiation and brightmess tempera-
ture. internal temperature histories, and high-speed color films of the

ablating surface. For those cases where steady-state ablation is
achieved. the heat of ablaion can be cornputed.

4. ___________fth_____Speroni Pipe Test

tsl Determination of Gas Enthalpy

Figw~ ~'!rsentis a typical curve of gas enthalpy
[-1 versus a sonic-throat mass Qsm.',jte parameter (assuming LquUibriumr

gas conditions) derived by u~se of iee>$roplc flow relationships. The
measuawments required for any turbulc= j1,pe test (sample or calor-
imestar) are the sanic-thzoat diameter, gas ma4!ow sand etagnaation
pia.asure. The gas mass flow in the 1O-megawatt is prisget by means oi
sonic flow orIficom located upstream of the are unit so that Nt! 4as mass

k, ~flow is constant. A Fischer-Poricer flowireter is ased to xneasatrt the
Sas mass flow prior to passing into the arc heads. The st~ignation I~r-;-,
sure is measured in the plenum chsmhNer by means of a standard pressure
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transducer whose electrical output is recorded on a CEC osucliograph.
At present, arc current and voltage are also recorded continuously on
the CEC oscillograph. The total test timne in determined from timing
lines on the oscillogram. The start of a test is taken when the recorded
pressure and current traces respond (approximatel~y 0. 01 second.). 'The,
end of a test is taken when the arc current itrm Natd. Teprocedure
used to determine the gas enthalpy is used for both calorimeter &ad ssixple
tests.

(b) Determination of Heat Flux

The cold-wall. heat flux to the turbulent pipe at any
given operating condition in determined by use of a copper turbulen
pipe calorimeter. At each test condition-calorimeter tests Aveziado
before and after the sample tests. The calorimeter test conslWte of-
placing an uncooled solid copper pipe, section (Figure 68) whsre'e the 'ý...
sample in normally located, The lengths and inside diameter. of 'the'
copper pipe and ablative samples are identical. The copper pips is
instrumented with two (Z) transient Insulated copper cl~mtr~~s
A description of the theory of the transient copper calorimeters has been
reported previously. (Reference 14). An average value 4pf heat flux Op
determined by the two calorimeters is used to represent the heat-tOans-ý
for rate to the pipe.

(c) Shear Stress and Reynolds Number

In addition to the heat flux and other flow paraftets"
whih ae rcored ora pipe test, the shear stress and Roynolds

numer re lcocalculated and reported with the other pertin~iit data,..
The hea stess(7)is assumed to be given by the Reynolds analogy

that is:

q:u

The method used to determine the cold-wail heat flux q andi gas enthalpy H
were given previously. The gas velocity it is determined by use of
inentropic flow relationships assuming a ratio of specific heats of 1. 2
for the appropriate pipe to throat area ratio.

The Reynolds number (WRO) in defined as Zollows:

The viscosity of air at the arc operating conditions is determnined from
Reference 1j. The length (s) employed in computation of the Reynolds
number Is the distance from the plenum chamber exit plane to the mid-
plane of the pipe sectionD I. e. x 7. 5 inches., In additioni to th-c-s



~~calculated parameters, motion pictures and optical pyromeater hintori4a
~.. 0".j of th h~sa, &p-Sc arac re obtained in the course of the test as typi-

cally shown 'Ah Figure 65. An is noted in Figure 65 only the downstream
portion of the daniple can oe observed.

:'
et...

dy

2 4

x'



0%• . * , :. • • I

-04

III. HOT GAS/COLD WALL TESTS AT TME CORNELL WAVZ
UUPERHEATER HYPERSONIC TUNNEL

A. Description of Facilities

Tasting in the Cornell Wave Superheater was performed
under the direction of S. Tate, D. Colosimo and X. Graves. The
Wave Superheater offers the possibility of exposing samples at very
high velocity for short times. The heat flux levels can be varied by
changing the position of the specimen relative to the nozzle. In this
manner variable heat flux/temperature levels can be attained. Mul-
tiple-sample r s can be made using samples in the size range pro-
grammed. CAl"'furnished data on gas enthalpy, heat flux, surface tempera-
ture, stagnation pressure as well as colored motion pictures of the test
samples. Test samples were returned to ManLabs for post-n-_ortern
metallog raphy.

The Wave Superheater facility is shown schematically in
Figures 69 and 70. The Wave Superheater rotor has 288 quasi-rectan-
gular tubes, 0.55 inch wide, 1.43 inches high, and 66 inches long. The
tube mid-heights lie on a 2. 5 foot radius about the rotor axis. The rotor
structure is designed for a tangential velocity of 700 feet per second at
the tute center. The rotor can be preheated to a maximum temperature
of 700 F to minimize thermal stresses and temperature attenuations
during its operation. This pre-heat temperature is 100 0 F less than the
equilibrium tube wall temperature that is to be maintained during the
operation. :

For any desired test condition obtainable, the test duration
is limited only by the gas and heat storage capacities of the facility.
Helium driver gas is stored at 2000 psi in high-pressure vessels having a
capacity of 375,000 standard cubic feet. The helium driver flow is re-
gulated by means of a fast response throttle valve that controls the pressure
at which the helium enters the pebble furnaces. The selected pressure is
determined by the desired shock strength that is to be generated witln the
Wave Superheater tubes. The driver helium is preheated up to 2160 R in
two electrically energized aluminum oxide pebble furnaces, each of which
is 7.5 feet in diameter, and 12 feet high. The helium driver gas flows from
the furnace through a specially insulated pipe to the driver nozzle. The
charge air is stored in high-pressure vessels having a capacity of Z6,000
standard cubic feet, and is throttled to a constant 600 psi at the inlet to a
third pebble furnace. This heater is similar to the driver heaters. The
air leaves this heater at temperatures up to 2000 R and flows through
another insulated pipe to the charge air nozzle. A control valve reduces
the charge air pressurc to some desired value before entry to the rotor
by means of a choked, metering nozzle. Helium coolant is stored at 1750
psi in high-pressure vessels he",ing a capacity of 180,000 standard cubic
feet and is throttle-controlled before it enters the coolant nozzle. Helium
is algo used as the prime gas. It is stored at 2000 psi and is heated up to
1260 R in a synall capacity heater after which it in throttled to near one
atmosphere at the prime nozzle. To aid in operational flexibility, additional

*Cornell Aeronautical Laboratory
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high-pressure vessels having a capacity of 200,000 standard cubic
feet are available.

As much as 70 pounds per second of helium may be re-
quired for driver, coolant, and prime gases for Wave Superheater
-operation. Helium is not expendable at this rate, and therefore it must

k be recovered and purified. Rather than collect the drive gas in nozzles
at all peripheral stations which might otherwise be left open, it is more
convenient and effective to completely enclose the rotor and nozzles.
The reclamation nozzle protects the enclosure (shroud) and the rotor
within from exposure to that part (20 pounds per second) of the helium
drive gas which is at the highest temperature and pressure. The gases
collected by the shroud and by the reclamation nozzle are cooled
separately in aluminum oxide pebble beds. The flows are then merged

• ::'and tranaported to a 150,000 cubic foot internal diaphragm storage tank.
The tank diaphragm is collapsed before a run and expands during a run
to receive all of the reclaimable gases at atmospheric pressure. After
a run, the captured helium is separated from the air in a liquid nitrogen
heat exchanger and is compressed and stored in the high-pressure tank
farm for reuse.

SFigure 71 shows the results of a high-pressure high fluxtest comparing tungsten and C-HfC at 50 atmospheres and 4800 BTU/ftZ

sec. This test was performed for Aerospace Corp. in the CAL Wave
Superheater. Characteristic operating conditions shown in Table 6
indicates that for a model having a 0.01 ft radius (0.12 inch) the flux
level at Mach 2 and 60 atm. stagnation pressure is 8000 BTU/ft2 sec and
1000 BTU/ft2 sec in a Mach 6 one atmosphere test.

B. Description of Testing Procedures and Instrumentation

Sixteen refractory material models were exposed to the
high velocity flow uf air in the Mach 6 Wave Superheater Hypersonic Tunnel.
Data were taken in two 15 second tests of eight models, each at a velocity
of 1041t/sec., a stagnation pressure (at the model nose) of one atmosphere,
and a tunnel flow rate of Z. 5 ,b/sec. The models were designed to permit
their surface temperature to approach the radiation/aerodynamic heating
equilibrium value during each exposure to the test stream at q(R)l/2
90 BTTJ/ft3/2 sec. Temperatures in excess of 4000 R were expected
from all models. The modcls were returned to ManLabs for post exposure
analysis. All sixteen models tested were hollow hemispheric cylinders.
The "elox" process was used to bore from the aft end to provide a uniform
material thickness which was nominally 1/8 in h. The diameter of the
bore was a nominal 1/4 inch for the thirteen 1/4 inch nose radius models
and 3/4 inch for the three 1/2 inch nose radius models. The purpose of
the shell or "thimble" design was to promote faster wall temperature re-
sponse so as to approach the radiation equilibrium wall temperature as
rapidly as possible. A sketch showing the typical model features and the
typical attachment to their stings is presented in Figure 72. Eight models
and a single 1/4 inch nose radius steady-heating copper calorimeter were
mounted in the tunnel by a multiple sting arrangement as shown in Figure 73.
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The models were not, in themselves, instrumented. The
calorimeter had one chromel/alumel thermocouple welded to the back
face of the thermal element. The models were observed individually
by miniature radiometers. The design of these radiometers is a deri-
vative of the Aerophysics Lab of the Johns Hopkins University (16). in
addition to individual model radiomoters, one ManLabs Milletroantwo-
color pyrometer and one microphotographic camera (Photosonics #4)
were arranged to observe the stagnation point of the model on sting num-
ber one. Two Photasonics carneras, #2 and #3, were arranged to observe
all models from the right (pilot's view) during both runs. To obtain test
conditions, the normal complex of Wave Superheater cycle instrumentation
data were recorded as well as the tunnel throat and nozzle exit static pres-
sure, and the test section cabin pressures. All data were recorded on.
EFB or E•IRB 16 mm film and a CEC optical galvonometer paper recorder.

The test conditions which exist in the Wave Superheater Hype;,-
sonic Tunnel are tractable throughout a test by virtue of a computer pro-
granf. (17) which interprets the recorded (pressure and temperature) time
histori"sl of the supply gases. As determined by this data reduction, the
test conditions are not instantaneously established but exhibit a transient.
of about six-tenths second duration. The transient is terminated by a
twenty to thirty millisecond step change to the final test conditions. Both
the stream reservoir pressure and enthalpy undergo this transient in a
manner that produces a stream heating capacity during the plateau portion
of the transient of 85% of the value appropriate for the steady state test
conditions. The heat transfer rate to tde 1/4 inch radius spherical nose
calorimeter measured during the transient, presented in Table 74s about
500 BTU/ft sec. Because this is 85% of the test value, the steady state is
implied to agree with the intended 600 BTU/it2 sec. Calorimeters used in
the Wave Superhoater facility are normally expected to burn out. For the
two oxidation tests, the calorimeter temperatures are presented in Figure
74. The gage life was greater than one second. Although the gage is too
hot after the transient to obtain quantitative heat transfer data, the re-
corded temperature signal from the calorimeter is very smooth, precise
and clearly represents the 500 BTU/ft2 sec. At t = 0,80 seconds, the
temperature departs from its earlier track to one of higher rise rate.
This point seems to be the te-mination of the transient.

The heat transfer data reduction for the steady calorimeters is
dete rmained by:

AT

q pC 6 T (9)
p

where p, 6, and C are the density (559 lb/ft3 ), depth (0. 125 inch) and
specific heat of th? copper gage element which is a function of tempera-
ture. Because the recorded temperature represents the back surface, it
is necessary to obtain the wall or front surface temperature in order to
obtain the cold wall heat transfer rate. The temperature distribution within
the gage element is given, for a linearly decreasing heat transfer rate from
(qw) at the front face to z.ero at the back face by:
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The front face temperature (Tw) can be obtained from the back face temper-
ature (Tb) and the integration of Eq. (10) so that:

6q
Tw = Tb+ + (11)

where q, is taken from Eq. 9 and k is the gage conductivity. The cold wall
heating rate (qcw) is then obtained by:

Cw (i t-I ),,w-"% (e cw) (12)

where iew = 118 BTU/Ib, iw w C-Tw and C_. is the gas specific heat at
constant pressure. Air at the ca-orimeter Till temperature has a specific
heat of 0. 24 BTU/lbF. The data (qw, Tw, qcw) is tabulated in Table 7.
cay-Reddell stagna(ir heat transfer rate has been simplified by plotting the
curve of qw (R/Pe) i•vs. (ie-iw). This curve, nearly straight, is very
closely approximated by:

w 0. 863 x l0 3 (in-iw) BTU/ft/Zsec e1/2 (13)

The use of Eq. 13 provides a value for te which can be compared to the
Cycle Analysis (17) results (ie) to provide the desired test condition val-
idation. Correc;'-ns due to flow starting transient are established by
these techniques and applied appropriately to data that is obtained during
the transient.

These data (Eqs. 9, 11, 12 and 13) including the transient cor-
rections are presented in Table 8. The test conditions for both tests are
presented in Table 9.

C. Calculation of Surface Temperatures and Heat Flux Levels for

Teost Models

A transient heat flux calculation of model surface temperature
was performed using the Fay and Riddell (18) heat transfer relation

(ýtI/: =0. 9 4 (p100 (PO e4(ZP'ee 1 pe-e)1 / (e~iw) (14)

where q in the heat flux to the body, R is the hemispherical radius at the
stagnation point, P, p, Ii and I are pressure, density, viscosity and en-
thalpy respectively, and the subscripts w, e and 0o refer respectively to
the wall, to the stagnation point after the shock and to the test stream
static values. The heat input was assumed to occur to a semi-infinite
slab allowing for radiation from the face according to Eq. 15.
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qr -T 4  (15)

where s is the total hemisphericaJ emittance, T is the wall temperature
(OR) and 0 is 0.47 x 10-7 BTU/ft secOR 4 . Eq. 16 gives the net heat

flux, qn

q i q+qr (16)

which is used in the solution of the one dimensional unsteady heat diffusion
equation for a finite slab and results in (19) Eq. 17.

1/2

T = qn[4t hpcp k fi[e] (17)

Here T is the surface temperature, t is the time and p, c and k are the
density, specific heat and thermal conductivity of the slalrespectively.
The Fourier modulus e in defined in terms of the slab thickness 6 by

E = kt/pc 862 (18)

and

ice] MIrl/z_ ieric "4 -e/ + +-x/(
I Zell- (19)
n=O

where x is the distance moasured from the back ol the ilab and ierfu is the
complementary integral error function

00

ierfcy 5'etic)h dIX ir 1 2  -yericy

Eqs. 17-19 reduce to

T Pd Zq rt/ p Ck] f for 0 < 1 (20)

T q% t/'l O 2 pC p for E > 1 (21)

Since q is a function of T which in turn depends upon t, Eqs.
14 and 16 were evaluated by assuming that the viscosity of air is given by
Eq. 22

29



iw 1.18 xl10'5 i/8 0 .62-4 lbs/ft sec (2

where iw~ is in BTU/lb. Thus Eq. 14 becomes

qR 1/2 009-008( e
= O05T0 0 8  iw)1 ~ BTTJ/ftse (23)

whenL P, 1 atm. These relations, along with values of yW[T] obtained
from Hanisen (20) were employed to numerically compute the tixme de-
pendence of thE.-urface temperature and the net heat flu~x for ZrBZ shown
in Figures 75 and 76 and in Tables 9 and 10. The values of t, c.,, p and

It n~p~oe4inthese calculations are based on published data for Zrfl2
(21, 22,3) The calculations are presented for a one inch and a one half

i~h m~spherical cap shell of ZrB2 having a thickness 6 equal to 0. 125
inche..

The foregoing discussion considers radiation equilibrium at
the surface of the model without including'the effects of conduction losses.

~~ Figure 77 is the basis for an analysis of the relative imrportan~ce of conduc-
tion and aerodynamic heating for a given model. Specifically, if the aero-
Idynonic heating is given by Eq. 24 as:

q(e] q coo 0 (Z4)

where qis tho heat flux at the stagnation point and q[E] is the correspond-
in& local heat flux at a point on the hemispherical surface as ahiuwn in
Figure 77, the elemental a~rea consisting of a circumferential ring
r dO wide and ro @in 0 in radius receives an energy per unit time, dQAe roe
g~ven by:

doco0(q coo 0) (27r 0 so in 0) (rodG) (5

The total heat input to the sphorical cap due to aerodynamiAc
* heating is then:

2
~Aero Iro vi j20ci 0 0. 57rr0 q(l-cs0 (26)

Conduction through the cross section of the shell at station 0

~Cond =k(dT/ds)(7e 0 ri/)s: ) (r.-r1 ) (Z7)

30



..... I ,

where k is the thermal conductivity and T Is the temperature which is assumed
uniform through the shell thickness (ro-ri). •

Thus, the relative importance of the aerodynamic heating and con-
duction losses is: ,•

R =QCond/QAero--k(dT/de) sin 0 (1-cosZG)'Iq'iro-1/-

times (I -(rIwro))ro "1/2(28)

Eq. 28 permits definition of the individual and combined effects of model.,
size and shell thickness, When R is less than unity conduction s, of loes
importance and when R is greater than unity conduction is dominant. Usit
nominal values of ro = 1/4 and 1/2 inches and shell thickness squLi to 1/8
inch for the shells leads to ratios ri/ro w 0. 50 and 0. 75 for the aM4ll Mad
the large models respectively. Eq. 28 yields:

RS/RL 1.4 (29)

if r /r were the same for both large and small models, designated by sub-
scrfpt% and L in Eq. 29.

U the outer radii were identical then

RS/aL a 1.7 (30)

for the ratios r /r, for the small and large models. Substitution of r. a
1/4 and 1/Z inches (for the small and large models) with a shell thickiess
equal to 1/8 inch into Eq. 28 yields:

(RS/R L . 4

Thus, Eqs. 29 and 30 indinate that a small model or a rela-
tival thicker shell each imply larger conduction effects. Eq. 31 shows
that in the current tests, the smaller model would be expected to exper-
ience larger relative conduction losses than the larger model, Eq, 28
suggests that the shell thickness of the small and large models should have
been chosen equal to 43 mils and 125 mils respectively in order to insure
equivalent conduction effects, whatever they may be.

In order to consider the magnitude of the conduct~on effects for
the small model in the case at hand, consider q = 650 BTU/ftreec, r 0
0.02085 ft, (I-(ri/ro)Z) = 0.7 5 and k a 0.010 BTU/ft sec°R). The Iasor
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values are an overestimate by a factor of two for the KT-SiC case in
order to conservatively evaluate the conduction effect. For these
v1.lues, Eq. 28 yields:

R 1.11 x 10-" (dT/dO) sin 0 (1 - cos 20)1 (32)

i-ýA~ssming a linear temperature gradient which implies that dT/d =
SOO/000..51z radians, corresponding to a linear gradient from the stag-
z!,nation point to the shoulder, which is quite conservative, affords the
following:

! . e ______

-degrees

1 60.6
5 12.2

10 6.1
45 1.5
90 1.0

MWith temperature gradients which are one tenth of the above (i, e,,
dT/dO a 191°R./radians) conduction appears to be xiportant for 0
less than 5 degrees. Additional reductions would arise for smaller
v•alues of thermal conductivity. As a consequence, these results sug.
.,gest that the magnitude of the conduction Losses relative to aerodynamic
heating is significant over a small sector of the shell in the vicinity of
the stagnation point. As a consequence, this analysis suggests that the
losses due to conduction should be small compared to the merodynarnic
heating effect#,

D, Experimental Evaluation of Conduction Losses for Spherical

In order to obtain an experimental assessment of the rela-
tive conduction losses for spherical shells, one inch and one half inch
diameter models having a wall thickness of 1/8 inch were fabricated from
SAE1020 steel, Thiu material was employed since ito thermal conductivity
is approximately one third that of XT-SiC(E-14) at tomperatures between
600wand Z000°tR. Characteristic values are shown below.
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T SAE020 Q4J TSc( M2 ZOa-~2M
OR

500 0.0084 0.029 0,0045
600 0.0083 0.027 0.02Z0
800 0.0080 0.024 0.60Z&`-6

1000 0.0075 0.0'" 0. 008
1200 0.0069 0.017 0. 002
1400 0.0063 0.014 0. 003,3
1600 0.0058 0. 01Z 0..0031I
1800 0.0053 0.009 0.0033
2000 0.0047 0.007 0. 0035

The therinal conductivity of X{f 40Ta-2M~o(X-23) is bosc4ý 0Aon rC60
tween the thermV conductivity of SAE1020 and Hf-Z0'ta-21Mo. Rf
leelna s irmulatio(n6 Fof this toot, Pcabe evaluat led. lat 1

Accordingly, modelis were exposed. in &A oxyacotylena torch
situated in the Wave Superheater Hypersonic Tunnel for convoea4*ce:*1
in uxtilizing the required test equipment. Separate copper calorfrnigtilv
were oe*ployed to determinq, cold wall heat flux. Heat fluxes of 150.
BT~it3ft'sec and 220 BTU/ftr sec were applied to the one inch au4 one-,
half inch diameter models, respectively. Thermocouples whichiwote
spring mounted in contact with the inner wall directly behind'the istag-'
nation point were employed to measure the thermal re JpoaSj of thbe
rnodels. The results are shown in Figure 78, The results indicate'that
the larger model reached 1900OF in 11.4 seconds., the smaller modpls
reached 19000 F in 13.8 + 1.0 seconds. At shorter times, the rise rate for
the smale r models is grFeater than for the larger. models, as expcpted.
At longer timkes, the larger model does heat up more rapidly thianthe,
smaller model does, However, it is surprising that the cross-over
occurs at low t6mperaturs -near 600 0 F where the magnitudes of .... O8
are smaller than the values assumed in the foregoing calculation.
1Firally, it should be noted that the I/q matching is partially satisfied
for KT-SiC but not sati factory for oof-ZOTa-2Mo
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Shield

Figure 12. Comparison of Celd Wall Heat Fluxes to Avco Water Cooled
Calorimeters Having 1/2 and 3/4 luch Diameters Enclosed in
1-1/z Inch Diameter Shields in the Medel 500 Arc.
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Figure 28. Comparison of Heat Fluxes Measured With 0. 500 Inch Diameter
and 0.750 Inch Diameter Calorimeters in 1.500 Inch Shrouds
in the Model 500 Arc.
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Figure 36. 'rime- Temperature History for Surface Temperature and
In-Depth Temperature (100 m-ils From Surface) for Sample
Hf-Ta-Mo (1-21-3MC), P = 1 atm, i = 3380 BTU/lb,

q=510 BTU/ft' sec Expoled in the flode1, 500 Arc.
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Plate No.
1-9213

X3. 00

Figure 37. Arc Plasma Test ZxB2,(A-3) -ZMC, Surface Temperature
44700 F, Internal Temperature 285007, Exposure Time
1800 Seconds, Stagniation Pressure 1. 05 atm. , Stagnation
Enthalpy 3230 BTU/lb, Cold Wall Heat Flux 365 BTU/ft?-sec,
33 Mil Recession. H-ot Face Up. One Inch Scale. "t

;;4i.;%, Plate No.

X.00

Figure 38. Arc Plasma Test Hf-2OTa-ZMo(I-23)-lMC, Surface
Temperature 47600F, Internal Temperature 3 500 0 F,
Exposure Time 1800 Seconds, Stagnation Pressure 1. 05
atm., Stagnation Enthalpy 3220 BTU/lb, Cold Wall Heat
Flux 425 BTU/ft2 sec, 46 Mil. Recession. Hot Face 1t-,%
One Inch Scale.
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Figure 42. ROVERS Arc Facility (#14951E).
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Figure 46. Water Calorimeter Mounted in Test Position in ROVERS Arc
(18 156).
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Figure 69. CAL Wave Superheater Rotor and Nozzle.
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Figure 72. Details of Specimen Holders Emlrployed in Wave Superheater Tests.
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Figure 73. Orientation of Calorimeter and Models in Wave Superheater Exposures.

108 L



900I

I 9 GChromel-Alumel - 1/8 in Dia x 1/8 in Deep

Copper Gage

800--

25 in Nose Radius

7100-
~~U 600 - --- Run 473 ,,

S~~~Run 474 ,.,•

"500-

E

600 /

*10

i i i

00

0 o .2 A .6 .8 1.0 1.2 1,4

Time Seconds

Figure 74. Calorimeter Time-Temperature History.

109



- .J

400 q

300

200

Mach No. e 5,45, Pe = 0.97 atm

O00 ie 2 1Z0 BTU/lb, c = 0.55
80 .C , 2 BTU/Ib°R, k=0. 006 BTU/ftsec0 R

60 -p = 350 lbs/ftso -

40

30

~20

1i0.0 'F
0.

6.0

4.0
30

20-

1.0-

I I

0 1000 2000 3000 4000 5000

Wall Temperature OR

Figure 75. Calculated Heat Flux As A Function of Wall Temperature for
A One-HaM Inch Diameter Hemispherical Cap Shell of Zirconiuma
Diborlde One-Eighth Inch Thick in the Mach 6 Test Section of the
CronOll Wave Superheater.
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Inch and a One-Half Inch Diameter Hemispherical Cap Shell
of Zirconium Diboride One-Eighth Inch ThIc.k in the Mach 6 Test
Section of the Cornell Wave Superheater.
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TEST CONDITIONS AND HEAT FLUX MEASUREMENTS*

Test Arc Arc Air Flow Plasma Stagnation Mach
No. Enthalpy Current Vola Rote Temp. Pressure No.

(BTU/lb) (arnpe) (volts) (1b/gec) (OF) (atm)

1 3670 500 159 0.008 7220 1.060 0.31
2 53Z0 998 152 0.008 9540 ),079 0.36
3 3Z90 440 162 0.008 6690 1.053 0.30
4 5440 1000 153 0.008 9640 1.079 0.36
5 3350 440 158 0.008 6760 1.053 0.30
6 5280 1056 146 0.008 9500 1.079 0.36

Steady-State Calorimeter
1. 500 Inch

Diameter Shroud

Test
No. 0.500 Inch 0. 750 Inch

1 475 390
2. 705 640
3 420 340
4 735 615
5 370 300
6 685 605

Heat Flux (B3TU/fta-e.see)

Transient Calorimeter

0. 500 Inch Diameter Shroud 1. 500 Inch Diameter Shroud

Test

No, 0.125 Inch 0.250 Inch 0.375 Inch 0.450 Inch 0.125 Inch 0.450 Inch 0.500 Inch

1 420 455 490
2 650 710 770
3 365 395
4 670 680
5 315 330 350
6 615 615 700

No data was obtained for the 0. 500 inch diametcr transient calorimeter without
the shroud attachment since side heating was significant without the shroud.
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TABLE 3
SUMMARY OF TEST CONDITIONS FOR SAMPLES USED FOR

SUMMARY TEMPERATURE GRADIENT STUDIES

Material
Sample No, r N

Assumed P i q Surface Computed
Erndttance Mach e a D cw T Radiation Normal

at X 0.65t No. atm BTU in BTU 0R BTU Emittance

lb ft aec obs ft sec

ZrB (A-3)
ý 0.57

-IMC 0.31 1.06 4540 0.491 475 5150 113 0.34
-ZMC 0.29 1.05 3230 0.49L 365 4930 176 0.63
-3MC 0.31 1.06 3380 0.491 460 5170 236 0.70
-4MC 0.33 1.07 4560 0.491 610 6340 404 0.53

Hf-20Ta-2Mo(I-23)
a 0. 55

-IMC 0.29 1,05 3220 0.50L 425 5220 233 0.67

-3MCA 0.31 1.06 3380 0.499 510 5415 193 0.48
-3MCB 0.31 1.06 3380 0.499 510 5795 214 0.•.
-4MC 0.31 1.06 3560 0.,503 480 5395 21Z 0.53
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SUMMARY OF IN DEPTH TEMPERATURE MEASUREMENTS
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ROVERS ARC FACILITY - CALORIMETER DATA AT MACH 3. 2

ARC ARC AIR FLOW PLENUM STATIC
CURRENT VOLTAGE ENTHALPY RATE PRESSURE PRESSURE

TEST ARC (amps) (volts) (BTU/lb) (Ib/sec) Arxm Hg) (mrn Hg)

1 L.P. 1900 61.5 13800 0.0030 42 1.2

2 L.P. 2000 62.5 15100 0.0030 4Z 1.2

3 L.P. 2000 62.0 14700 0.0030 42 1.2

4 L.P. 2100 61.5 13800 0.0030 42 1.z
5 H.P. 1500 240.0 9600 0.0160 485 7.0
6 H.P. 1500 240.0 9200 0.0160 480 7.0
7 H.P. 1700 192.0 7300 0.0170 476 7.0

8 H.P. 1700 192.0 7300 0.0170 476 7.0

TRANSIENT q q
CALORIMETER WATER CALORIMETER TRANSIENT, BTU/ft sec

SHROUD DIAMETER 1 . 5 INCH SAIROUD CALORIMETER DIAMETER, inch
(inch) (BTU/ft sec) 0.1Z5 5. 250 0.375 0. 450

4 TEST
1 0.500 410 460 430 440 -

2 1.500 410 385 370 390 --

3 1.500 400 --- 375 380 335

4 0. ý00 400 420 440 420

5 0.500 733 730 770 870 ---

6 1.500 728 650 640 640 ---

7 1.500 637 --- 574 598 587

8 0.500 640 700 692 675

*Diameter of water calorimeter equals 0.625 inches.
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TABLE 6

CHARACTERISTIC OPERATING CONDITIONS IN THE

CAL WAVE SUPERHEATER

Gas Temperature = 7000 R

Pressure = 100 Atmospheres

Mach Number 2.0 3.0 6.0 12.0

Stagnation Pressure (atm) 60.0 1Z.0 0.9 0.04
1/Z

Flux Product (q(s)R) 800.0 400.0 100.0 18.0
(BTU/ft 3/Z sec)
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TABLE 7

HEAT TRANSFER RESULTS

Run No. 473 474

AT Rate of Temperature Rise -deg. F/sec '780 880

6 Gage Thickness - in 0.1260 0.1265

T Average Thermocouple Temp at Timne

of Reading -OF t of360 350

Copperc - BTU/1b - Or 0.096 0.096
qw Idicted eatTranferRate -BTU/ft2-

sec 440 485

TGage Surface Temp OF- 410 395

Gage Surface Enthalpy - ETtY/1b 210 205
i Total Enithalpy of Stream at Time of

Reading - BTLY/lb 1880 1870
q C old Wall Heat T ransfe r Rate -B TU/ ft 2 sec 495 545cw

SRun Enthalpy -BTU/lb 2200 2180
qcw Cold Wall Heat Transfer Rate Corrected

to Run Enthalpy - BTU/ft2 sec 580 635

IX
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TABLE 8

TEST CONDITIONS

Run No. 473 474

Rotor Total Pressure - atm 98.Z 96.9

Total Temperature - 0 R 6740 6700

Total Enthalpy - BTU/lb 2200 2180

Tunnel Reservoir Pressure - atm 56.0 55.0

Test Section Stagnation Pressure on
Model Nose - atr 1.15 1.15

Free Stream Mach Number 5.45 5.45

Free Stream Density - lbs/ft3  8 x 10" 8 x 105

Free Stream Pressure - psi 0.65 0. 64

Free Stream Velocity - fps 9700 9700

12
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TABLE 9 4

WALL TEMPERATURE AND HEAT FLUX HISTORY FOR THE STAGNATION

POINT OF A 0. 500-INCH RADIUS HEMISPHERICAL NOSE WITH

A THICKNESS OF 0. 125 INCH
0

Time T (0IL) q O qRAD q NET

0 560 464.1 0.026 464.1

0.5 1090 431.8 0.370 431.4

1.0 1302 418.9 0.753 418.1i1.5 1481 408.0 1. 26 406.7

2.0 1650 397.7 1.94 395.7

Z.5 1814 387.7 2.83 384.9

3.0 1972 378.0 3.96 374.1

3.5 2126 368.6 5.35 363.3

4.0 2274 358.4 7.01 351.4

4.5 2417 348.3 8.93 339.3

5.0 2554 338.5 11.14 327.3

6.0 2813 320.0 16.39 303.6

7.0 3051 303.0 2z. 7 280.3

8.0 3269 287.4 29.9 257.5

9.0 3468 273.3 37.9 235.4

10.0 3648 259.8 46.4 213.4

11.0 3808 246.3 55.0 191.3

13.0 (4146)* (146)*

15.0 (4405)* (96)1

*Estimated by hand calculations.
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TABLE 10

WALL TEMPERATURE AND HEAT FLUX HISTORY FOR THE STAGNATION

POINT OF A 0. 250-INCH RADIUS HEMISPHERICAL NOSE WITH

A THICKNESS OF 0. 125 INCH

Time TV°1R) qAERO "gRAD qNET

0 560 653.0 0.026 653.0

0.5 1293 593.1 0.732 592.4

1.0 1576 568.7 1.62 567.1

1.5 1812 548.4 2. 8z 545.6

2.0 Z032 529.4 4.47 524. 9

3.0 2441 490.1 9.29 480.8

3.5 2629 471.0 12.5 458.5

4.0 2808 453.0 16.3 436.7

4.5 2978 435.8 20.6 415.2

5.0 3139 419.6 25.4 394.2

6.0 3434 389.8 36.4 353.4

7.0 3695 361.8 48.8 313.0

8.0 3919 335.0 61.8 273.3

9.0 4113 311.9 74.9 Z37.0

10.0 4279 292. 1 87.8 204.3

11.0 4421 275.2 100.0 175.2

12. 0 (4576)* (140)

13.0 (4700)* (llz)*

14.0 (4800)* (82)*

15.0 (4872)* (67)1

Estimated by hand calculation.
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